Introd uction
Counterflow burners have been widely used by the combustion community for over 50 years in investigations of premixed, partially premixed, and non-premixed flames [1, 2] . Slot-jet counterflow combustors producing planar flows are employed by some researchers [3] , but most experimental arrangements involve axisymmetric flow, addressed in the present paper. Although the computations pertain to an apparatus employing screen-free nozzles and ducts, as sketched in Fig. 1 , much of the following discussion also applies to other experimental setups, such as opposing flows through porous plates of honeycombs or screens that provide significant flow resistance. In the figure, two opposed steady round jets issue into a stagnant atmosphere from aligned nozzles of the same radius R separated a distance 2H. Although perfectly symmetric configurations involving identical jets are of interest, for example in twin-flame studies, in many situations the properties of the two streams, identified by subscripts 1 and 2, are different, with different densities ρ1 and ρ2, viscosities µ1 and µ2, and volume fluxes Q1 and Q2. The mean jet velocity Um = [Q1/ (πR 2 )]~[Q2/ (πR 2 )] used in experiments is typically much lower than the sound speed, resulting in two constant-density jets having spatial variations of pressure small compared with the ambient pressure,
• Corresponding author E-mail address alsp@eng ucsdedu (A L sanchez ) and such that Um 2 >>gR to minimize buoyancy effects, not considered here. In addition, in laminar combustion experiments the typical values of the relevant Reynolds number Re = ρ1Q 1 /(πRµ1) ~ ρ2Q 2 /(πRµ2) range from about a hundred to about a thousand, large enough that the flow in the approaching streams is nearly inviscid . Mixing and viscous effects are confined to layers, of small thickness R/Re 1/2 << 1 [4] , one localized between the two opposing streams and the others at the two fluid surfaces originating at the rim of the ducts. This justifies the use of the Euler equations outside the mixing layer. This description is simplified in the central region near the stagnation point, where the flow is self-similar both outside and in-side the mixing layer. There the radial velocity grows linearly with the radial distance r' in the form A 1 r'/2 in the inviscid stream 1 and A2r'/2 in the inviscid stream 2. The strain rates A 1 and A2,both of order U m / R, are related by the condition of equal pressure across the mixing layer, so that ρ2A 2 2 = ρ1A 1
2
. The flow in the reactive mixing layer in this near-stagnation-point region is also self-similar, with the temperature and composition varying with the distance to the stagnation plane, leading to a one-dimensional problem [5] , amenable to numerical integration by standard commercial codes (eg. [6] ) and the resulting one-dimensional counterflow model has been the basis for studies of flame-flow interactions in nonpremixed and premixed combustion [7] . At leading order in the limit R»1 the flame structure in the vicinity of the axis depends on the outer flow only through the inviscid value
for uniform flow and for Poiseuille flow, respectively). These velocity distributions are imposed in the numerical calculations at a distance of the order of, although moderately larger than, R upstream from the duct exits, outside the region where the flow in the ducts is affected by upstream perturbations coming from the collision region. Besides the Prandtl number and Schmidt numbers, the problem depends on four parameters, namely, the geometric parameter H / R , the Reynolds number Re , and the density and volume-flux ratios ρ 2 / ρ 1 and Q 2 / Q 1 . The dependence can be reduced by noting that the Reynolds number Re is moderately large in typical applications, so that the flow of the counterflowing streams is nearly inviscid, with significant effects of molecular diffusion occurring only near the jet boundaries and in the separating mixing layer.
Inviscid steady flow
For steady flow in the limit Re 1, Eqs. (3) and (4) 
For this axisymmetric flow the vorticity is azimuthal, with magnitude (8) given in terms of the stream function by
Since the flow is inviscid and steady, both the stagnation pressure p + ρv 2 / 2 and the ratio ω θ / r remain constant along any given streamline [19] , so that
and ω θ /r = (ψ ) .
Eq. (10) can be evaluated along the axis to provide the overpressure p o at the stagnation point, which must be equal for both streams, so that
where p 1 and p 2 are the overpressures in the feed streams, with the parameter
measuring the ratio of the momentum fluxes of the two jets. The function ( ψ) can be evaluated by using the boundary distributions in the feed streams
associated with (6) . In particular, = 0 for uniform flow, while for Poiseuille flow is constant in both streams;
The problem reduces to the integration of
obtained by using (11) in (9) . In the feed streams the stream func-
On the jet free boundaries r 1 ( x ) and r 2 ( x ) separating the jet flow from the outer stagnant gas, corresponding to ψ = −1 / 2 and ψ = − 1 2 ( Q 2 / Q 1 ) , the condition of constant pressure can be written from (10) and (12) 
1 2 (18) involving the unknown overpressure p o at the stagnation point, whose location x = x o along the axis is to be determined as part of the solution. The stream surface ψ = 0 originating at the stagnation point, which separates the two opposing fluids, is an additional unknown surface x = x s (r) , to be determined from the condition of equal pressure on both opposing flows
where the subscripts − and + denote the derivatives at ψ = 0 − and ψ = 0 + , respectively.
Reduction to the case of equal densities
The problem can be simplified considerably, removing the need to consider specifically the separating surface and reducing the parametric dependence, by introducing alternative functions ˆ 
which simplifies for uniform feed velocities, leading to ˆ = 0 , and for Poiseuille flow, leading to
along with
at the free surfaces separating the jets from the stagnant air and the boundary velocity distributions
for 0 ≤ r ≤ 1. This last equation provides an implicit representation for the function ˆ ( ˆ ψ ) , needed to integrate (20) .
The integration would determine, in particular, the axial location x o of the stagnation point, along with the associated local stream-function description
where
is the nondimensional value of the strain rate at the stagnation point, and x s ( r ) is the surface separating both streams, given by
near the stagnation point, where r c is the local radius of curvature. While this curvature contributes a term of order r 4 to the expansion of the stream function about r = 0 in (26) , there also is a contribution of order r 4 proportional to (x − x o ) , so that, through terms of order r 3 , the corresponding nondimensional radial velocity is
the pressure decreasing locally with increasing r in proportion to ( Ar /2) 2 at the axis. The sensitivities of the values of x o , r c , A , and B to the shapes of the velocity profiles in the approach flow are of interest.
The formulation given in (20) - (25) is attractive for two reasons. First of all, it removes the need to consider the separating surface ˆ ψ = 0 as a free surface in numerical integrations of the inviscid flow. Secondly, it demonstrates that the low-Mach-number flow induced by opposed gas jets at moderately large Reynolds numbers, found in counterflow burners, depends only on the shapes of the velocity profiles U 1 ( r ) and U 2 ( r ) in the feed streams and on the two parameters H / R and
, the latter effectively embodying the dependences on density and velocity ratio.
Results of numerical integrations of the Navier-Stokes equations
The reduced parametric dependence identified above was considered in defining the conditions for integration of the NavierStokes Eqs. (1) - (4) 
as a conservation equation for the density. The numerical integrations of (1), (2) , and (29) employed a cylindrical domain of radius r = 5 extending axially between x = −4 and x = 4 . Constant pressure was imposed at the ambient-gas boundaries, although computations with external co-flows, at velocities less than maximum jet velocities, to delay instabilities, exerted no observable centerline effects, supporting assum ptions of negligible influences of experimental protective blanket streams. A nonslip condition v = 0 was employed at the pipe wall in integrations with Poiseuille flow in the feed streams. For uniform flow, however, a slip-flow condition v r = 0 at the wall was used instead, to make the results of the integrations independent of the axial extent of the integration domain, thereby providing results for an opposite limiting case, with flows in other configurations, such as nozzle-shaped jets, tending to fall between these two limits. The geometrical parameter H / R was varied in the range 0.1 ≤ H / R ≤ 2.0 representative of counterflow-flame experiments. Opposed-jet configurations involving identical jets with larger values of H / R , of interest in industrial applications, are known to be prone to oscillatory instabilities [20] , resulting in the mixing layer becoming attached to one or the other jet, an aspect of the problem not investigated here. Different values of the density ratio ρ 2 / ρ 1 and of the volume-flux ratio Q 2 / Q 1 were computed, with resulting values of
Results of integrations, obtained with use made of a previously developed numerical code [21] , are summarized in Figs. 1 -4 .
The general flow structure is shown on the right-hand side of Fig. 1 , which includes two snapshots for isopycnic flow with Re = 10 0 0 and H/R = 1 . Isocontours of mass fraction are used to reveal the boundaries of the shear layers bounding the jets and of the separating mixing layer. It is seen from this figure that, at this Reynolds number, the mixing layer occupies a very small fraction of the flow field, although this fraction will increase as a result of displacement effects through the density decrease associated with the heat release when there is a flame in the boundary layer [4] . Besides the symmetric case Q 2 /Q 1 = 1 , the case Q 2 /Q 1 = 2 is used in this figure to illustrate the mixing-layer displacement and the jet deflection occurring for configurations with unbalanced momentum flux. For this relatively large Reynolds number the external bounding surfaces are seen to be affected by Kelvin-Helmholtz instabilities that preclude the establishment of fully steady conditions in the radial jet, but it is noteworthy that, despite these instabilities, the separating mixing layer remains virtually unperturbed and displays in the vicinity of the axis a steady one-dimensional structure with parallel isosurfaces.
The shape of the separating streamline x = x s (r) that originates at the stagnation point (x, r) = (x o , 0) is investigated in Fig. 2 displacements and flatter separating streamlines. In addition, the value of B in (28) (not shown) has opposite signs for the uniform and parabolic inlet profiles, being positive in the former case but negative in the latter, as might be expected from the shapes of these profiles.
The flow structure near the stagnation point is further investigated in Fig. 3 by plotting the distributions of v x (x, 0) and The results reveal that the linear variation of the axial and radial velocity components with the distance from the stagnation point applies in a fairly large region. The linear variation of the radial velocity is associated with a constant value of the reduced pressure gradient −(1 /r) ∂ p /∂ r = A 2 / 4 at the separating interface, as is needed to ensure the validity of the one-dimensional solution for the mixing layer [5] . Although these one-dimensional solutions, applicable at all Reynolds numbers, exhibit axial variations of ∂ v r /∂ r that are different for codes with different boundary conditions, all such variations occur within the very thin mixing layers seen in Fig. 1 , the present values of ∂ v r /∂ r = A/ 2 and ∂ v r /∂ r = (ρ 1 /ρ 2 ) 1 / 2 A/ 2 in the two streams essentially being those just outside the mixing layer. The departures from this linear variation, measured by the last term in (28) , are seen in Fig. 3 to be relatively small, so that the mixing layer can be expected to maintain a one-dimensional structure up to distances of about half a pipe radius, as was found for all of the cases investigated. The computations revealed that, while for the case U 1 = U 2 = 1 shown in Fig. 3 the resulting radial velocity near the stagnation point is larger than v r = Ar/ 2 , corresponding to positive values of B in (28) , the opposite is found for Poiseuille flow in the feed streams. The negative value of B for the parabolic inlet profile exhibits a magnitude which, unlike that for the uniform inlet (which decreases with increasing H / R and depends little on ) is practically independent of H / R but increases substantially with increasing , reaching beyond −20 at = 2 . This behavior is consistent with the reduction in the effective flow restriction with increasing radius, associated with the Poiseuille profile, and the increase in the magnitude with increasing is a consequence of the decrease of the relative momentum of stream 1. These differences em phasize the very noticeable effects of the two extreme inlet-profiles selected; in intermediate cases, such as those of nozzle-type counterflows, the initial departure from linearity in the right-hand panel may be either positive or negative, depending on the specific design of the experiment. This is the largest influence of the experimental configuration found in the present study. The velocity profiles shown in Fig. 3 indicate that the stagnation-point strain rate, nondimensionalized only on the ba-
] is very similar for the three Reynolds numbers, with noticeable differences appearing only at the lowest Reynolds number. This is quantitatively investigated in the upper inset of Fig. 3 , which gives the corresponding value of A obtained for different H / R and Re = (50 , 250 , 10 0 0) with ρ 2 /ρ 1 = 1 , Q 2 /Q 1 = 1 , and U 1 = U 2 = 1 . The resulting differences in strain rate are seen to become smaller as the Reynolds number increases, consistent with the predicted order of magnitude Re −1 / 2 of the departures from the inviscid limit. Viscous effects are more significant for larger internozzle distances, when the growth of the bounding shear layers downstream from the jet exit influences the resulting impingement region. It is of interest that the differences in A between the cases Re = 250 and Re = 10 0 0 remain smaller than 5% over the whole range of values of H / R considered.
According to the reduced inviscid formulation introduced earlier the value of the strain rate Figure 4 is a correlation of all of the numerical results obtained at high Reynolds numbers for the strain rates right outside the mixing layer, which is the quantity of interest in combustion. These plots, which extend over a wide range of H / R that encompasses essentially all combustion applications, reveal excellent scaling with
